Abstract. Sorafenib is the standard systemic treatment for patients with advanced hepatocellular carcinoma (HCC); however, its therapeutic value in patients with HCC following resection remains controversial. The current retrospective study was undertaken to assess the effects of sorafenib treatment following surgical resection in patients with advanced HCC disease who were at a high risk for recurrence. Between July 2010 and July 2013, a consecutive cohort of 42 patients with advanced HCC and at a high risk of recurrence (i.e., those with portal vein tumor thrombosis, adjacent organ involvement or tumor rupture) who underwent resection were analyzed. The patients were categorized into the sorafenib group (n=14) or the best supportive care (BSC) group (n=28). Although the histological grade, Barcelona Clinic Liver Cancer Stage, tumor size, nodule number and proportion of patients with high serum α-fetoprotein levels were comparable between the sorafenib and BSC groups, those receiving sorafenib following resection had significantly longer disease-free survival (DFS) of 5.2 months [95% confidence interval (CI), 1.2-9.2 months] compared with the BSC group [1.8 months (95% CI, 0.6-3.0 months)]. No differences in overall survival were noted between the groups. Furthermore, no drug-related adverse events resulted in discontinuation of sorafenib therapy. Univariate log-rank analysis revealed that sorafenib treatment (P=0.002) and treatment prior to resection (P=0.012) were significantly associated with longer DFS; however, sorafenib therapy (P= 0.027) and tumor size (P= 0.028) were associated with longer DFS by multivariate analysis. Furthermore, sorafenib was well-tolerated and improved DFS in patients with advanced HCC who underwent hepatic resection. Thus, tumor resection followed by sorafenib therapy may represent an effective therapeutic strategy for patients with advanced HCC. This possibility should be confirmed in larger, multicenter studies.
Introduction
Hepatocellular carcinoma is the fifth most prevalent type of cancer (1) and the third most common cause of cancer-related mortality worldwide (2) . There are >700,000 new cases of HCC diagnosed each year worldwide (2) , and the mortality rate is similar to the incidence rate due to high levels of intrahepatic recurrence and distant metastasis, and the lack of effective treatments (2) . Despite advances in various treatment strategies, such as resection, transplantation, ablation, chemoembolization and targeted therapy with sorafenib, the prognosis of patients with HCC remains poor due to disease recurrence (1, 3) . In addition to transplantation, hepatic resection is considered the most effective treatment strategy, with a 5-year survival rate of 60-80% for selected patients (4, 5) .
The selection criteria for resection are as follows: i) Patients with solitary tumors and very well-preserved liver function, as normal bilirubin with either hepatic venous pressure gradient ≤10 mmHg or platelet count ≥100,000 cells; and ii) patients with multifocal tumors meeting the Milan criteria (≤3 nodules of ≤3 cm) or with mild portal hypertension who are not suitable for liver transplantation require prospective comparisons with loco-regional treatments. However, liver transplantation is considered to be the first line treatment option for patients with single tumors of <5 cm or with ≤3 nodules of ≤3 cm (Milan criteria) which are not suitable for resection (1, 2) . No effective therapy to reduce the risk of HCC recurrence is currently available (6) , and systemic chemotherapy, hepatic-artery chemotherapy and chemoembolization have little effect (7, 8) . Other treatments, such as immunotherapy and interferon therapy, may improve overall survival and recurrence-free survival (9) (10) (11) (12) . However, more studies are required before they can be recommended a part of the routine clinical practice.
HCC is further complicated by the incidence of portal vein tumor thrombosis (PVTT), tumors involving adjacent organs or those with tumor rupture. The prognosis for patients with HCC complicated by PVTT is extremely poor, with a median survival of only 2-4 months (13) (14) (15) (16) (17) for those receiving surgical resection, portal vein stent, transcatheter arterial chemoembolization (TACE), radiotherapy, 125 I seed implantation, percutaneous ethanol injection (PEI) or laser ablation (18) .
Sorafenib is a multikinase inhibitor that targets the serine/threonine kinases, Raf-1 and B-Raf; the mitogen-activated protein kinases, mitogen-activated protein kinase kinase and extracellular signal-regulated kinase; and the receptor tyrosine kinase activity of vascular endothelial growth factor receptors 1-3; and platelet-derived growth factor receptor-β (19) (20) (21) (22) . In the phase III Sorafenib HCC Assessment Randomized Protocol (SHARP) (23) and Asian-Pacific (24) studies, sorafenib improved the overall survival of patients with advanced, unresectable HCC by 3 months. Thus, Western guidelines, including the American Association for the Study of Liver Diseases and the European Association for the Study of the Liver (3, 4) , recommend sorafenib as the standard systemic treatment for advanced HCC. By contrast, sorafenib is not widely available in Asian-Pacific countries; instead, surgical resection is a more common treatment for patients with advanced HCC. In a small pilot study that included 31 patients with advanced HCC, the recurrence rate was decreased in patients receiving sorafenib following resection (25) . As the outcomes of patients with advanced HCC remains poor with sorafenib monotherapy, the present study aimed to determine if the survival of HCC patients with a high risk of recurrence (i.e., those with PVTT, tumors involving adjacent organs or those with tumor rupture) who underwent resection could be prolonged. The association between clinicopathological characteristics and disease-free survival (DFS) was analyzed by univariate and multivariate analyses. Sorafenib therapy following resection may represent a novel approach for treating patients with advanced HCC that are at a high risk for tumor recurrence.
Patients and methods

Patients.
A total of 42 patients with HCC that were at high risk of disease recurrence and who underwent hepatic resection between July 2010 and July 2013 at the Sun Yat-Sen University Cancer Center (Guangzhou, China) were included in the present study. Demographic data such as Eastern Cooperative Oncology Group performance status (ECOG PS) score, Barcelona Clinic Liver Cancer Stage (BCLC) stage and Child-Pugh class were determined prior to resection. The scores were calculated on the basis of common criteria as described in previous studies (26) (27) (28) . Histological grade was classified following resection according to the criteria of the World Health Organization Classification of Tumors (2000) (29) . All samples were obtained prior to surgery to determine serology, α-fetoprotein (AFP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), albumin and bilirubin levels, and prothrombin time. The normal ranges are as follows: AFP, 0-25 ng/ml; ALT, 0-40 U/l; AST, 0-45 U/L; ALP, 30-110 U/l; albumin, 35-55 g/l; bilirubin, 5.0-20.5 µmol/l; and prothrombin time, 10.5-13.5 sec. The diagnosis of HCC was confirmed by pathological examination. All diagnoses were formulated according to the criteria for terminology established by the International Working Party (30) . Tumor differentiation was based on the criteria of the World Health Organization Classification of Tumors (2000) (29) . Tumor stage was defined according to the 2010 American Joint Committee on Cancer/International Union Against Cancer tumor-node-metastasis classification system (31) . Patients were defined as being at a high risk of recurrence if they had one of the following intraoperative findings: i) Tumors involving a major branch of the portal or hepatic vein (i.e., PVTT); ii) tumors with direct invasion of adjacent organs; and iii) tumor ruptures prior to or during resection (Table I) . Patients were excluded if they had one of the following: i) A history of molecularly targeted therapy or systemic chemotherapy following resection; ii) severe coagulation disorders (prothrombin activity of <40% or platelet count of <4,000 cells/µl); or iii) hepatic decompensation, including ascites, esophageal or gastric variceal bleeding, and hepatic encephalopathy. The present study was approved by the institutional review board of the Sun Yat-Sen University Cancer Center, who confirmed that patient consent was not required for the present retrospective study.
Tumor resection. The extent of resection was performed according to the standard of practice, as described by Luo et al (32) . For those with PVTT, the liver tumor was completely removed such that the surgical margin was negative and the tumor thrombus was removed after opening the portal vein. For those with tumor rupture, the liver tumor was completely removed such that the surgical margin was negative. For those tumors involving adjacent organs, the liver tumor was completely removed such that the surgical margin was negative and the diaphragm or the omentum was partially removed.
Sorafenib therapy, toxicity evaluation and treatment response.
Patients received either sorafenib treatment (n=14) or best supportive care (BSC; n=28) following resection. According to the American Association for the Study of Liver Diseases and the European Association for the Study of the Liver guidelines (1, 5) , no effective adjuvant therapy able to reduce recurrence rates following resection is available at present. Thus, the best supportive care in Sun Yat-Sen University Cancer Center included nutrition education, liver protection, pain management and psychotherapy. For patients with a high risk of recurrence, sorafenib was routinely recommended by the treating physician. Upon recommendation, patients were asked to decide whether to receive the optional sorafenib treatment. Sorafenib therapy was initiated 7 days after surgery with an initial dose of 400 mg sorafenib. Patients in this group received continuous oral treatment with 400 mg sorafenib (Bayer AG, Leverkusen, Germany) twice daily. The dose was reduced in the event of unacceptable drug-related side-effects, including hand-foot skin reaction, diarrhea, rash and hypertension. Sorafenib toxicity was evaluated according to the National Cancer Institute's Common Terminology Criteria for Adverse Events, version 3.0 (33) . Tumor response and recurrence were evaluated every 4-8 weeks, according to Response Evaluation Criteria in Solid Tumors (34) , by performing computed tomography or magnetic resonance imaging scans of the liver. DFS was defined as the time from resection to the date of tumor recurrence or the patient's most recent follow-up examination.
Statistical analysis. Baseline characteristics are expressed as n (%) for categorical data and mean ± standard deviation (SD) for continuous data by group. Differences between groups were compared using Pearson's χ 2 or Fisher's exact tests for categorical data; two-sample t-tests were used for continuous data. Data normal distribution was determined by one-sample Kolmogorov-Smirnov test with P<0.05. For continuous data that did not follow normal distribution, data are expressed as median (range) and the Mann-Whitney U test was used to compare between groups. DFS data are presented using Kaplan-Meier survival curves by group and compared using log-rank tests. Univariate and multivariate Cox regression analyses were performed to identify the prognostic factors associated with DFS. For multivariate analysis, variable selection was performed using the backward elimination method with P<0.1 set as the cutoff level. According to previous studies (35) (36) (37) (38) , factors associated with early recurrence were non-anatomical resection, microscopic vascular invasion and serum AFP level, while those contributing to late-phase recurrence were hepatitis activity, multiple tumors and histological grade. Thus, considering clinical significance and the results of previous studies (6-9), 8 factors were selected as potential confounders in the present study. The 8 factors were as follows: Sorafenib (yes vs. no), hepatitis serology (hepatitis B surface antigen-positive vs. other), histological grade (poor vs. well-moderate), tumor size (≥10 vs. <10 cm), tumor nodules (multiple versus single), AFP (≥400 vs. <400 ng/ml), previous treatment (yes vs. no) and anti-virus treatment (yes vs. no). Results are presented as hazard ratios (HRs) with 95% confidence intervals (95% CI). All statistical assessments were two-tailed and P<0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed with SPSS statistical software for Windows (version 22; IBM SPSS, Chicago, IL, USA).
Results
Patient characteristics. Between July 2010 and July 2013, 42 consecutive HCC patients who underwent resection and were diagnosed as having a high risk of disease recurrence were enrolled in the present study, including 37 male and 5 female patients, with a mean age of 48.1 years (range, 28-69 years). Among the enrolled patients, 14 (33.3%) received postoperative sorafenib therapy (sorafenib group) for a median duration of 14.3 months (range, 2.6-24.2 months) and the other 28 received BSC. As indicated in Table I , the proportion of patients with each high-risk factor was not significantly different between the two postoperative groups.
The demographic data of all of the enrolled patients are included in Table II . The majority of patients (97.6%) had an ECOG PS score of 0-1 and 90.5% were hepatitis B virus (HBV)-positive. There was no significant difference in the proportion of patients receiving anti-viral treatment between the sorafenib and BSC groups (P= 0.261). In addition, all patients were classified as Child-Pugh class A (Child-Pugh score [5] [6] . No differences in the histological grade or BCLC stage were noted between the groups (P=0.326 and P=1.000, respectively). Tumor size, number of nodules and proportion of patients with high serum AFP levels (≥400 ng/ml) were also similar between the two groups (P≥0.259). However, a significantly higher proportion of patients in the sorafenib group received previous treatment compared with the BSC group (P= 0.003). Furthermore, the sorafenib group had higher baseline albumin levels (42.5±4. (Table II) . Sorafenib was well-tolerated in all patients following hepatic resection, as there were no drug-related adverse events that led to discontinuity.
DFS analysis. Follow-up was performed until May 8, 2014 . The median follow-up time was 13.6 months (range, 1.5-40.1 months). Of the total cohort, 9 patients (2 in the sorafenib group and 7 in the BSC group) succumbed to the disease and 38 patients (11 in the sorafenib group and 27 in the BSC group) developed recurrence during the follow-up period. The mean overall survival time was 29.1 months (range, 1.5-40.1 months) and was comparable between the two groups (P= 0.405). The overall median DFS time was 3.2 months (range, 0.3-16.6 months) and log-rank analysis revealed that patients in the sorafenib group had improved DFS of 5.2 months (95% CI, 1.2-9.2 months) compared with those in the BSC group [1.8 months (95% CI, 0.6-3.0 months); P=0.001; Fig. 1 ]. Furthermore, patients that had received previous treatment (TACE and radiation therapy) prior to resection had longer DFS of 9.2 months (95% CI, 0-23.7 months) compared with those that had not [2.5 months (95% CI, 1.2-3.9 months); P=0.006; Fig. 2 ].
Factors associated with DFS. Univariate and multivariate
Cox regression analysis were performed to identify the factors associated with DFS. As indicated in Table III , there was no significant univariate association between DFS time and hepatitis serology, AFP level, tumor size, extent of tumor nodules, histological grade, Child-Pugh score or anti-virus treatment. However, sorafenib therapy (HR, 0.243, 95% CI, 0.098-0.599; P= 0.002) and previous treatment prior to resection (HR, 0.204, 95% CI, 0.059-0.703; P= 0.012) were associated with a decreased recurrence rate upon univariate analysis. Furthermore, multivariate Cox regression analysis revealed that sorafenib treatment (HR, 0.328; 95% CI, 0.122-0.880; P= 0.027) and tumor size (HR, 0.449; 95% CI, 0.220-0.917; P=0.028) were significantly associated with DFS (Table III) .
Discussion
Since the SHARP trial in 2007 (15), sorafenib has become the standard treatment for patients with advanced, unresectable HCC in the majority of countries worldwide, prolonging survival in these patients by ~3 months (23, 24) . However, surgical resection is also an acceptable treatment for patients with advanced HCC in Asian-Pacific countries, as sorafenib is often not readily available. Long-term survivors with advanced HCC receiving sorafenib commonly require multimodal therapies, including hepatic resection following successful sorafenib treatment, salvage therapies in the event of progressive disease, and effective post-sorafenib treatment modalities (39) . Thus, the current retrospective study was undertaken to assess the therapeutic value of administering sorafenib treatment following surgical resection in patients with advanced HCC disease that were at a high risk of recurrence (i.e., those with PVTT, adjacent organ involvement or tumor rupture). Although the histological grade, BCLC stage, tumor size, nodule number and proportion of patients with high serum AFP levels were comparable between the sorafenib and BSC groups, those receiving sorafenib following resection exhibited significantly improved DFS. Although a greater proportion of patients in the sorafenib group received treatment prior to resection, multivariate analysis indicated that sorafenib and tumor size were the only variables that were associated with DFS. In univariate analysis, the error from the confounders will be reflected in the random error, which will cause the denominator to appear greater than its actual value, resulting in reduced significance. Thus, if >1 factors affect the observation value, multivariate analysis should be applied.
The overall median DFS in the current study was 3.2 months, which is comparable with previous studies (40, 41) . Dollinger et al observed that the time to progression of advanced HCC was 5.3 and 2.9 months for patients treated with thymostimulin and placebo, respectively (41). Nagano et al noticed that the overall median progression-free survival (PFS) of advanced HCC was 2.0 months (40) . In addition, the association between sorafenib therapy and longer DFS is largely concordant with previous studies in patients with HCC (25, (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) . In a pilot study by Wang et al (25) that included 31 patients at a high risk of recurrence, sorafenib therapy following hepatic resection significantly improved the time to recurrence as well as the recurrence rate. Furthermore, univariate analysis revealed that sorafenib following resection was independently associated with recurrence-free survival (25) . In a different study, a complete response was observed in a single patient with hepatitis C virus-mediated cirrhosis and recurrent HCC with PVTT following treatment with 400 mg sorafenib once daily (42) . Furthermore, in a case-controlled study of 39 patients that experienced HCC recurrence following liver transplantation, the median survival time from recurrence was significantly improved with sorafenib as compared with BSC, and sorafenib was identified as the only factor associated with survival by multivariate analysis (48) . The effect of sorafenib on recurrence has also been observed in animal studies. For example, Feng et al (49) demonstrated Table III 
Univariate analysis
Multivariate analysis that sorafenib suppresses postsurgical recurrence and metastasis via enhancing the sensitivity of HCC cells to sorafenib in an orthotopic mouse model. In a study by Wang et al (50) , sorafenib suppressed metastatic recurrence following resection in nude mice. By contrast, a recent phase III randomized, double-blind, placebo-controlled study of sorafenib therapy following resection or ablation with curative intent in 1,114 patients revealed no differences in recurrence-free survival, time to recurrence or overall survival between patients receiving sorafenib or placebo (51) . It is possible that differences in disease severity (early-stage versus high-risk advanced disease) between the studies could account for the varying outcomes.
In a previous study, 44 Italian patients with HCC and established cirrhosis were treated with sorafenib for 16 weeks. In these patients, ECOG PS, extrahepatic spread, macrovascular invasion, and AFP and ALP levels at admission were identified as independent predictors of overall survival (52) . In another study of 110 patients with advanced HCC that were treated with sorafenib in Germany, ascites, macrovascular invasion and BCLC stage D were independently associated with overall survival (53) . Furthermore, the use of nucleoside analogues was associated with a lower risk of HCC recurrence (36) . By contrast, the use of antiviral therapy was the same in both groups in the present study. Although factors associated with overall survival were not assessable for analysis in the present study due to the length of the follow-up period, histological grade, BCLC stage, tumor size, nodule number and high serum AFP levels were not associated with DFS.
Despite the fact that the present results differ from those reported by previous studies (36, 52, 53) , the present data are still solid due to the following reasons. Firstly, in the current study, only patients with a high risk of recurrence were included. Patients were defined as being at a high risk of recurrence if they had one of the following intraoperative findings: i) Tumors involving a major branch of the portal or hepatic vein (i.e., PVTT); ii) tumors with direct invasion of adjacent organs; and iii) tumor ruptures prior to or during resection. The above risks may become the main factors that decide the prognosis. Secondly, histological grade, BCLC stage, tumor size, nodule number and high serum AFP levels were not associated with DFS in the present study.
The patients in the current study were selected on the basis of their being at a high risk for recurrence, including those with PVTT, adjacent organ involvement and tumor rupture. In addition to surgical resection, patients with PVTT are typically treated with a portal vein stents, TACE, radiotherapy, 125 I seed implantation, PEI and laser ablation (18) . Although TACE appears to have potential for providing a survival benefit for HCC patients with PVTT, with a median PFS of 3.6-5.1 months (54, 55) , the deteriorating liver function caused by TACE limits its application (56, 57) . By contrast, hepatic resection may produce superior survival benefits for HCC patients with PVTT, with a 1-year overall survival rate of 34.4-42.0% (58) (59) (60) (61) , and radiotherapy may have superior local effects in these patients (62, 63) . The prognosis of HCC patients with PVTT is dismal. Therapy strategies for such patients, including TACE, had been compared in previous studies. Peng et al reported that hepatic resection, compared with TACE, provided survival benefits for patients with resectable HCC with PVTT, particularly for those with type I or II PVTT (58). Chen et al noticed that liver resection with thrombectomy, compared with liver resection without thrombectomy, yielded better outcomes in HCC patients with PVTT confined to the first or second branch of the main portal vein compared with those with PVTT extending into the main portal vein (59) . Le Treut et al observed that liver resection in HCC patients with PVTT, compared with patients without PVTT, could provide significant survival with comparable morbidity in selected cases, that is, tumor thrombus located in the portal vein only and expected complete resection of the lesions (60) . Shi et al demonstrated that liver resection with portal thrombectomy for HCC cases with PVTT, compared with resection without portal thrombectomy, is justified in selected patients with PVTT located in the segmental or sectoral branches of the portal vein (61). Zhang et al suggested that percutaneous transhepatic portal vein stenting (PTPVS)-TACE combined with three-dimensional conformal radiotherapy (3-DCRT), compared with PTPVS-TACE without 3-DCRT, is possibly an effective treatment modality for HCC with PVTT (63).Kim et al noticed that radiotherapy induced a 45.8% objective response rate for PVTT in patients with HCC, and considered that radiotherapy may be a treatment option for PVTT in patients with HCC (62) .
In the present study, the median DFS in patients with PVTT who underwent resection was 5.2 months (95% CI, 2.0-8.4 months) in the sorafenib group and 1.8 months (95% CI, 0-3.7 months) in the BSC group (P=0.002). However, considering that only 5-40% of patients with HCC are receptive to resection (3), further studies should be performed to examine the impact of sorafenib treatment in combination with TACE, radiotherapy, PEI and laser ablation.
In the present study, no patient experienced an adverse event that resulted in discontinuation of sorafenib therapy. This is consistent with a previous study by Wang et al (25) , in which only grades 1 and 2 drug-related adverse events were observed with sorafenib therapy, as well as other studies that observed no serious adverse events associated with sorafenib therapy in patients with advanced HCC (48, 64) . By contrast, grade 4 liver-related adverse events have been reported for Child-Pugh class B patients (65) , with poorer outcomes observed in class B versus class A advanced HCC patients following sorafenib therapy (66) . All the patients in the present study were classified as Child-Pugh class A, which may explain why sorafenib was well-tolerated.
Access to sorafenib can significantly alter the survival of patients with advanced HCC. This was demonstrated in a recent study from the UK, in which the median overall survival time in advanced HCC patients with access to sorafenib was 9.5 months compared with the 4.1 months observed in patients for whom sorafenib was unavailable due to a lack of approval by a local health funding body (67) . This applies to patients in Asian-Pacific countries, where sorafenib is currently not widely available.
The major limitations of the present study include the relatively small number of patients, the short-term follow-up period and its retrospective nature. Another limitation is that only HCC patients with a high risk of recurrence were included; therefore, the role of sorafenib in patients with a low risk of recurrence remains to be elucidated. In addition, due to the short follow-up period, only 9 mortalities were observed and the median overall survival time could not be determined. Additionally, as sorafenib is not widely available to Asian-Pacific patients due to differences in clinical practice, it is likely that the group of patients receiving sorafenib financed the treatment themselves. Therefore, the sorafenib group may have had a higher socioeconomic status and may have received a more aggressive treatment protocol compared with the BSC group, representing a study bias. Furthermore, a significantly higher proportion of patients in the sorafenib group received previous treatment compared with those in the BSC group, which may have affected the results.
In conclusion, sorafenib therapy following resection may prolong DFS in patients with advanced HCC. However, further multi-center studies with larger cohorts and longer follow-up times are required to confirm the results of the current study.
